ABSTRACT: Parasitic diseases have economic consequences in cattle production systems. Although breeding for parasite resistance can complement current control practices to reduce the prevalence globally, there is little knowledge of the implications of such a strategy on other performance traits.
INTRODUCTION
Animal parasites are a growing concern in dairy and beef cattle production systems, with reported associated significant economic losses 1 (Schweizer et al., 2005) . Milk production (Charlier et al., 2005; Mezo et al., 2011) , reproductive performance Haddad et al., 2005; Charlier et al., 2007) , and meat yield (Barling et al., 2000; Charlier et al., 2009a ) have all been documented as compromised in cattle herds infected with Fasciola hepatica, Ostertagia ostertagi, or Neospora caninum. The high prevalence of infection in cattle with both F. hepatica and O. ostertagi (Sekiya et al., 2013; Twomey et al., 2016) suggests that current control practices (e.g., anthelmintic treatment; Bloemhoff et al., 2014) are sub-optimal. On the other hand, effective N. caninum control strategies (i.e., herd biosecurity and the culling of infected animals; Dubey et al., 2007) can be costly.
Using animal-level data for F. hepatica-damaged livers on >95,000 Irish dairy and beef cattle, Twomey et al. (2016) reported the presence of significant underlying genetic variability suggesting that breeding strategies could be used as a supplementary control for F. hepatica. A limited number of studies exist in cattle that documented genetic parameters for phenotypes based on the other two endo-parasites of interest, O. ostertagi (n = 2; Morris et al., 2003; Coppieters et al., 2009) and N. caninum (n = 1; Pan et al., 2004) . These previously published studies consist of few animals, with the study by Pan et al. (2004) being the largest with 9,723 animals.
The present study will be the first, to our knowledge, to quantify the genetic correlations between these parasitic diseases and economically important traits in cattle, as well as among the antibody responses to parasites. The objective of this study was to provide the necessary information to facilitate evaluation of the potential to breed for resistance to parasitic diseases in cattle.
MATERIALS AND METHODS
Parasitic data available to the present study consisted of: 1) information on F. hepatica-damaged livers which originated from the national database managed by the Irish Cattle Breeding Federation; and 2) enzyme linked immunosorbent assay (ELISA) results for F. hepatica, O. ostertagi, and N. caninum generated from a cross-sectional study of 68 Irish dairy herds. Individual animal pedigree and breed composition information, 305 d milk production records (dairy cows only), reproductive records (i.e., service dates, pregnancy diagnoses, and calving dates) as well as information pertaining to the slaughter of animals (i.e., carcass weight, conformation, and fat score) were also available for all animals from the national database. Individual cow body condition score (BCS) data from the cross-sectional study of the 68 dairy herds were also available.
Study Herd Data
In 2015, two trained technicians collected individual cow BCS twice, where possible, for each cow in the spring (n = 10,853 cows) and summer (n = 10,456 cows), in the 68 study herds. Cow BCS was measured on a scale of 1 (thin) to 5 (fat) in increments of 0.25 (Edmonson et al., 1989) . Blood samples from 10,879 of these cows were collected in Autumn 2015 from the study herds as part of the voluntary Irish national Johne's disease control program (http://www.animalhealthireland.ie) coordinated by Animal Health Ireland. All blood samples were tested separately for the presence of antibodies to F. hepatica, O. ostertagi, and N. caninum using the Svanovir F. hepatica-Ab ELISA kit, the Svanovir O. ostertagi-Ab ELISA kit, and the Svanovir Neospora-Ab ELISA kit (Boehringer Ingelheim Svanova, Uppsala, Sweden), respectively. ELISA tests for all blood samples were carried out by the same commercial laboratory (FarmLab Diagnostics, Co. Roscommon, Ireland). All parasite ELISA records were treated as either a continuous or a binary (i.e., positive/ negative) trait in the analyses, as described later. Records were discarded if, at blood sampling, the cow resided in a different herd to the one in which it had been present at 90 d of age. Only 9,240 cows remained for the analysis.
F. hepatica. ELISA results were reported as op-
tical density values which were expressed relative to a positive control provided in the test kit, known as an optical density ratio (ODR). An ODR ≥ 0.4 has previously been shown to lead to milk production losses in dairy cows (Charlier et al., 2012) , and this cut-off was, therefore, regarded as the positive threshold for antibody response to F. hepatica in the current study; animals with recorded ODR levels of <0.4 were assumed to be negative, which is consistent with the definition used previously by Twomey et al. (2016) for these animals. Only data from herds with more than five cows with a positive antibody response to F. hepatica (i.e., ODR ≥ 0.4) and a within-herd prevalence of ≥5% with a positive antibody response to F. hepatica on the day of the blood test were retained. The positively skewed ODR data were transformed using the natural logarithm to approximate a normally distributed variable. Data from 6,949 cows in 48 herds remained for the analysis.
O. ostertagi.
Optical density values were also expressed as ODR. The test used in the present study has not been validated on blood samples, so the test manufacturer had no known threshold to indicate positives. Therefore, the median of all the ODR results in the dataset was used as the threshold to differentiate a high result from a low result; based on that, an ODR ≥ 1.27 was regarded as a high result, while an ODR < 1.27 was regarded as a low result. It is documented that the majority of cattle grazing pasture are exposed to O. ostertagi Forbes et al., 2008; Bloemhoff et al., 2015) . Thus, all study herd cows were deemed potentially exposed to O. ostertagi, as cows in the study herds were known to be grazing pasture for the vast majority of the year.
N. caninum.
Blood results for N. caninum were calculated as per cent positivity (PP), which is the optical density of each sample expressed as a percentage of the optical density of the positive control. The ELISA test manufacturer stated that a PP ≥ 20 indicates a positive result for N. caninum and was thus treated as such in the present study. Therefore, a PP < 20 was deemed to represent a negative result in the present study. The positively skewed PP data were normalized using a reciprocal transformation. Cows were defined as potentially exposed if there was a within-herd cow prevalence of >1% positive (i.e., PP ≥ 20) for antibody response to N. caninum. Only cows defined as potentially exposed were retained. Only 5,804 cows from 37 herds remained for the analysis. All progeny from dams that had a positive result for N. caninum were discarded (86 cows were discarded), as there is a high likelihood that progeny from a cow infected with N. caninum will also be infected with N. caninum (Dubey and Schares, 2011) .
F. hepatica-Damaged Liver
A detailed description of the generation of the F. hepatica-damaged liver phenotypes from the available slaughter information has been documented in Twomey et al. (2016) . In brief, liver damage caused by F. hepatica was diagnosed by veterinarians on the kill-line of seven Irish abattoirs between February 2012 and May 2016, as either "live F. hepatica observed in the liver at the time of slaughter" or as "liver exhibits F. hepatica damage without the identifiable presence of live F. hepatica." Using the national dataset on all slaughtered animals, animals slaughtered with no recorded F. hepatica-damaged liver phenotype were defined as "negative for F. hepatica-damaged liver" if there was at least one other animal slaughtered in that abattoir on the same day with a phenotype for F. hepatica-damaged liver. Data on 1,042,929 slaughtered singleton dairy and beef cattle from 29,412 herds were available.
Animals were identified as having been potentially exposed to F. hepatica, as described by Twomey et al. (2016) , depending on the F. hepatica-damaged liver phenotype of their slaughtered contemporaries. Animals that moved herd after 90 d of age were not considered further in the analysis. Cows (i.e., females with at least one recorded calving event) in Irish dairy and beef herds generally graze together as a single group. Therefore, cows were deemed to have been potentially exposed if they were resident in the herd 100 d prior to the date of slaughter of a cow herd-mate with recorded live F. hepatica at slaughter. However, if a cow was recorded with observed liver damage but no observable live F. hepatica, an additional criterion was imposed to define cow contemporaries as being potentially exposed; as well as residing in the herd 100 d prior the date of slaughter of the cow with liver damage, only cows born within 100 d of the date of birth of the cow with liver damage were regarded as exposed.
Similarly, young cattle (i.e., males and females <1096 d of age that were not a registered sire or had no recorded calving event) in a herd generally graze a common pasture which is sometimes separate to the cows. Therefore, an identical definition was used for classifying young cattle as being exposed based on the recorded diagnoses of their herd-mates at slaughter, except that an animal had to be at least 365 d old at the time of a diagnosis of a herd-mate with live F. hepatica to be considered potentially exposed. Subsequently, a total of 229,014 animals remained.
For purpose of the present study, liver damage caused by F. hepatica was dichotomized; animals were either deemed infected (i.e., observation of live F. hepatica or F. hepatica damage in the liver) or not infected with F. hepatica (i.e., no observation of live F. hepatica or F. hepatica damage in the liver). All analyses were undertaken in young cattle and cows, separately.
Carcass Data
As well as receiving a F. hepatica-damaged liver phenotype at slaughter, all animals had a recorded carcass weight (kg), conformation score (scale: 1-15), and fat score (scale: 1-15). Carcass weight was measured, on average, 2 h after slaughter following the removal of the head, legs, thoracic and abdominal organs, and internal fats and hide. As described by Pabiou et al. (2011) , carcass conformation and fat scores were graded using video image analysis and were graded under the European Union beef carcass classification system (EUROP). The resulting EUROP classification grades were transformed into a 1 to 15 scale as outlined in Englishby et al. (2016) . Only carcass traits from animals in the F. hepatica-damaged liver dataset were retained for the analysis.
Milk production data
Individual lactation records for 305-d milk yield (kg), fat yield (kg), protein yield (kg), fat percentage (%), protein percentage (%), fat-to-protein ratio and somatic cell count (SCC) from 3,133,555 lactations on 1,321,572 dairy cows calving between the years of 2010 to 2015, inclusive, were available. Somatic cell count (SCC) values were normalized to somatic cell score (SCS) using the natural logarithm transformation of SCC/1000. Lactation records were discarded if the 305 d milk yield was >4 standard deviations from the parity mean or if the recorded lactation length was either <100 or >500 d. There were 2,904,669 lactation records remaining. Milk records were discarded if the cow calved in a different herd to where it resided since 90 d of age. Only milk records from cows in herds that contained at least one animal with a record for antibody response to any of the three parasites or a F. hepatica-damaged liver phenotype, from either study herd data or abattoir data were considered. Consequently, following all edits, 452,774 lactation records remained.
Fertility Data
Data were available, between the years of 2010 and 2016, inclusive, on 6,300,278 artificial and 558,006 natural insemination records as well as 1,673,348 pregnancy diagnoses and 13,647,743 calving records from 4,589,153 dairy and beef cows. Where two insemination records for the same cow were within 5 d of each other, the earlier of the two was discarded. Fertility data from herd-years where >80% of cows were recorded as having only one insemination were not considered further, as these herds are likely to have only recorded the last insemination.
Several alternative fertility phenotypes were defined similar to those described in detail by both Berry et al. (2013) and Berry and Evans (2014) in dairy cows and beef cows, respectively. Calving to first service interval (CFS) was defined as the number of days from calving to first insemination; CFS records were discarded if <20 or >250 d. Also, CFS was only defined using artificial insemination records. Calving interval (CIV) was defined as the number of days between consecutive calving events. Only CIV records >300 d were retained; CIV records >600 d were discarded unless the CFS record for that lactation was <150 d, otherwise CIV records >800 d were discarded (Berry et al., 2013) . Age at first calving was defined as the age, in days, when the heifer calved for the first time; only records between 660 and 1400 d of age were retained. Number of services was defined as the number of times a cow was inseminated per lactation; lactations with >10 inseminations were given a value of 10.
Dairy and beef cows are generally bred and calve within a strict time period in seasonal calving/breeding herds, which predominate in Ireland (Berry et al., 2013; Berry and Evans, 2014) . The start date of a herd's breeding period was chosen to be the date when five or more cows were inseminated within the subsequent 14 d in that herd; the end date of the breeding period was when the last cow in the herd was inseminated with no reported insemination in the herd for the subsequent 21 d (Berry et al., 2013) . Only breeding periods between 35 and 140 d in length with ≥20 cows were retained. Likewise, for the calving period (i.e., defined separately for primiparous cows and multiparous cows), the start date of the calving period for a herd was the first calendar date, which was followed by five or more calving events within the subsequent 14 d; the end date of a calving period was that last calving date which was not followed by a subsequent calving in that herd for the following 21 d. Only calving periods between 35 and 200 d in length were retained. Also, calving periods for primiparous cows and multiparous cows with <6 calving primiparous cows and <20 calving multiparous cows, respectively, were discarded.
The defined breeding and calving periods were used to derive the three fertility traits: submission rate, calving rate, and pregnancy rate. Using only first insemination records within a predefined breeding period, submission in the first 24 d of the breeding period (SR24) was defined as whether or not a cow was inseminated for the first time in the first 24 d of the breeding period. Calving in the first 42 d of the herd calving period (CR42) was defined as whether or not a cow calved in the first 42 d of the defined calving period described previously; cows were not considered if they did not calve in a predefined calving period.
The binary trait of pregnant/not pregnant in the first 42 d of the breeding period (PR42) was defined as whether or not a cow was pregnant in the first 42 d of the breeding period. Only breeding periods >42 d in length were used for defining PR42. Cows inseminated in the first 42 d of the breeding period, without any further insemination, and with a subsequent calving date recorded within 265 and 295 d of the insemination date (i.e., mean gestation length in dairy cows is reported to be 279 d with a standard deviation of 5 to 6 d; Norman et al., 2009; Nogalski and Piwczyński, 2012) , were deemed pregnant in the first 42 d; cows with no recorded subsequent calving or insemination date, but which were diagnosed pregnant using the pregnancy diagnosis information, where available, were also deemed pregnant in the first 42 d of the breeding period. Cows that were inseminated after day 42 of the breeding period or cows that had a calving date between 320 and 500 d after their insemination date in the first 42 d of the breeding period were deemed not pregnant in the first 42 d of the breeding period. If there were no subsequent calving or insemination dates recorded, but the cow was diagnosed as "not pregnant" using the pregnancy diagnosis information, where available, the cow was deemed not pregnant in the first 42 d of the breeding period. Pregnant to first service (PRFS) was defined as whether or not a cow was pregnant to her first insemination. Cows were deemed not pregnant to first service if there was a second insemination recorded. Subsequent calving dates and pregnancy diagnoses were used, similar to that defined for PR42, to ascertain PRFS status for cows with only one insemination record.
Survival was defined as whether or not a cow successfully reached the next lactation. A cow was deemed to have survived lactation n if she had a subsequent calving date for lactation n+1 within 600 d of the cow's calving date for lactation n. A cow that did not have a calving date for lactation n+1 and was either slaughtered or there was >200 d between her last milk recording date and the last milk recording date of the herd the cow was residing in was deemed to have not survived lactation n. Survival was only defined for lactations ≤5.
Fertility phenotypes were discarded if the cow calved in a different herd to where it resided since 90 d of age. Only fertility phenotypes from cows in herds that contained at least one cow with a record for antibody response to any of the three parasites or a F. hepatica-damaged liver phenotype were considered further. Also, only fertility phenotypes from lactations between the years of 2010 and 2015, inclusive, were retained. There were 605,828 lactation records remaining.
General Data Edits
Cow parities of >10 were discarded and parity was subsequently categorized as 1, 2, 3, 4, 5, 6, and 7+. Young cattle were partitioned into an age group at slaughter of either between 366 and 730 d, or between 731 and 1,096 d (Twomey et al., 2016) ; young animals were discarded if they were not assigned to either age group. Cow age at calving relative to the median age at calving of the respective parity was calculated. Cow age at blood sampling relative to the median age at blood sampling of the respective parity was calculated, as was animal age at slaughter relative to the median age at slaughter of the respective parity and age group for the cows and young cattle, respectively. Only animals sired by a known sire that had at least one progeny recorded with any one of the four parasite phenotypes (absent or present) were considered further.
General heterosis and recombination loss coefficients for each animal were calculated as Contemporary group for all traits was defined as herd-year-season of calving for cows and herdyear-season of birth for young cattle. All herd-yearseason contemporary groups were generated for each trait phenotype separately using an algorithm described in detail by Berry and Evans (2014) . The algorithm was used to group cows that calved around the same period of the year within each herd. Similarly, the algorithm was used to group young animals born around the same period of the year within each herd. Contemporary groups with less than five animals were discarded for all datasets, with the exception of cows in the F. hepaticadamaged liver dataset where contemporary groups with less than four cows were discarded. Only contemporary groups with >1 sire represented in the contemporary group were retained for all datasets. Only 2,036 contemporary groups containing beef cows remained in the F. hepatica-damaged liver dataset. These records were discarded and thus no analysis included beef cows.
In the study herds, 9,271 cows with at least one record for an antibody response to a parasite remained (Table 1 ). In the study herds, 18,586 BCS records were included in the analysis, as well as 37,980 and 183,368 lactation records for milk production and fertility traits (Table 2) . A total of 19,542 cows and 68,048 young animals remained that had both a F. hepatica-damaged liver phenotype (absent or present) and a respective carcass phenotype. For computational reasons, in herds that contained at least one cow in the F. hepaticadamaged liver dataset, milk and fertility lactation records were only retained from the years 2013 to 2015, inclusive. Furthermore, a random sample of the remaining contemporary groups in herds that contained at least one cow in the F. hepatica-damaged liver dataset were chosen to result in a dataset with, where possible, approximately 100,000 records per trait. The dataset contained 105,531 and 202,829 lactation records for milk production and fertility traits (Table 2) , respectively.
Statistical Analyses
For the purposes of analyses, the data were separated into two groups: 1) data from the study herds and 2) data from herds with at least one cow in the F. hepatica-damaged dataset. For the analyses of the study herd dataset, variance components were estimated for the individual antibody response to each of the three parasites, as a binary or a continuous trait (i.e., normalized for F. hepatica and N. caninum), as well as covariances amongst the antibody response to F. hepatica, N caninum and O. ostertagi. Also, covariance components between antibody response to parasites and performance traits (i.e., milk, fertility, and BCS) in the study herds were estimated. For the analyses of data with at least one cow in the F. hepatica-damaged dataset, covariance components were estimated between the binary trait of F. hepaticadamaged liver (i.e., absent or present) of cows and the performance traits (i.e., milk and fertility), as well as between the F. hepatica-damaged liver trait and Table 1 . Prevalence (Prev), additive genetic standard deviation (σ a ), and heritability (h 2 ; SE in parenthesis) for antibody response traits treated as a binary or a continuous trait for F. hepatica (n = 6,892 records), N. caninum (n = 5,289 records), and O. ostertagi (n = 9,260 records), as well as the inter-trait genetic (below the diagonal; SE in parenthesis) and phenotypic (above the diagonal; SE in parenthesis) correlations its respective carcass traits, separately for cows and young animals. Covariance components in all analyses were estimated using a series of univariate and bivariate animal linear mixed models in ASReml where W is the dependent variable for all four parasite traits and the three carcass traits; X is the dependent variable representing the milk traits or fertility traits (with the exception of age at first calving); Y is the dependent variable of age at first calving; CG is the fixed effect of contemporary group; Het is the fixed effect of a general heterosis coefficient (0.0, >0.0 to <0.1, ≥0.1 to <0.2,…≥0.9 to <1.0, 1.0); Rec is the fixed effect of a general recombination loss coefficient (0.00, >0.00 to <0.05, ≥0.05 to <0.10,…≥0.45 to <0.50, 0.50, >0.50); age is the fixed effect of age at slaughter/diagnosis in months relative to the median age of the parity for cows or age group (i.e., 366 to 730 d of age and 731 to 1096 d of age) for young cattle, group is the fixed effect of parity in cows or age group in young cattle; stage is the fixed effect of stage of lactation for cows only (0 to ≤50 d, >50 to ≤100 d,…>450 to ≤500 d, >500 d); age_calve is the fixed effect of age at calving in months relative to the median age of the parity for cows; PE is the random permanent environmental effect for each cow, where PE N I PẼ ( , 0 σ ) with σ PE representing the permanent environmental standard deviation; a is the direct additive genetic effects, where a N A ã ( , 0 σ ) with σ a representing the additive standard deviation; and e is the random residual effect, where e N I ẽ ( , 0 σ ) with σ e representing the residual standard deviation. Gender was included as a fixed effect when more than one gender was included in the analysis. The date and abattoir of the slaughtered animal was also included as a fixed effect for all traits recorded in abattoirs (i.e., carcass traits and F. hepatica-damaged liver trait). CFS was fitted as a quadratic fixed effect when the dependent variable was PRFS (Berry et al., 2011a) . The pedigree of each animal was traced back to the founder population which was allocated to 11 genetic groups based on breed. Breed effects were estimated as the mean estimated breeding value of purebred (i.e., ≥0.875 of the breed) animals in each breed born between 2007 and 2015; only means from breeds with >1,000 animals are presented. The breed mean was only estimated for F. hepatica-damaged liver, as the other dataset mainly contained just Holstein-Friesians.
RESULTS
Parity was associated (P < 0.001) with the binary and continuous trait of antibody response to O. ostertagi, in that there was an inverse relationship between mean antibody response to O. ostertagi and parity. General recombination loss coefficient was also associated with antibody response to O. ostertagi (P < 0.001), although there was no obvious trend. Parity (P < 0.01) and age at diagnosis in months relative to the median age of the parity for cows (P < 0.001) were both associated with antibody response to N. caninum as a binary trait; no obvious trend was detected. Stage of lactation was associated (P < 0.01) with antibody response to O. ostertagi as a binary trait, but the estimated stage effects were erratic. (Table 1) . Heritability estimates for antibody responses to the different parasite traits varied from 0.00 (N. caninum) to 0.09 (F. hepatica) and from 0.09 (N. caninum) to 0.15 (F. hepatica) when analyzed as a binary or a continuous trait, respectively (Table 1) . Heritability estimates for the milk production traits ranged from 0.27 to 0.36 for the yield traits and from 0.46 to 0.68 for the milk composition traits; the heritability of SCS was 0.13. The heritability estimates ranged from 0.01 to 0.03 for the fertility traits ( Table 2) . The heritability and repeatability for BCS were 0.28 and 0.35, respectively. The heritability for the carcass traits ranged from 0.46 to 0.63 in young cattle and from 0.18 to 0.40 in cows. Genetic correlations between performance traits and antibody response to parasitic diseases were very similar irrespective of whether they were analyzed as a binary or a continuous trait. As a result, only genetic correlations between performance traits and antibody responses to parasitic diseases analyzed as a continuous trait are reported herein.
Genetic correlations
Milk production and carcass traits. The genetic correlations between antibody responses to the three parasite diseases and milk production traits for cows in the 68 study herds are in Table 3 ; the phenotypic correlations were all close to 0 (ranged from −0.03 to 0.03) and are, therefore, not reported. All genetic correlations between antibody response to F. hepatica and the milk production traits, including SCS, in the study herds were unfavorable (−0.14 to -0.03), but, only the genetic correlations with fat yield, protein yield and fat percentage were different from zero (Table 3 ). The genetic correlations between antibody response to O. ostertagi and the different milk production traits, including SCS, were close to zero (−0.05 to 0.14; Table 3 ). The genetic correlations between antibody response to N. caninum and the different milk production traits, including SCS, ranged from −0.02 to 0.13. The genetic correlations between F. hepatica-damaged liver in cows and the milk production traits were all close to zero (−0.06 to 0.10; Table 4 ) with the exception of SCS (0.32 SE = 0.195). Table 3 . Genetic correlations (SE in parentheses) between antibody response to parasites, when treated as continuous traits, and milk production traits in the study herds Although not more than twice the respective standard error, the genetic correlations between the carcass traits in cows and F. hepatica-damaged liver in cows ranged from 0.00 to 0.16 (SE = 0.195 to 0.222). Genetic correlations between carcass traits in young cattle and F. hepatica-damaged liver in young cattle were also close to zero (i.e., favorable; -0.01 to 0.13), albeit the correlation with conformation score was different from zero (0.13; SE=0.061) Fertility and BCS traits. The genetic correlations between antibody responses to the three parasites diseases and fertility traits, including BCS, for cows in the 68 study herds are shown in Table 5 . Antibody response to F. hepatica was genetically correlated with both CFS (−0.46; SE = 0.138) and survival (0.36; SE = 0.180); the genetic correlations between antibody response to F. hepatica and the other analyzed fertility traits were not different from zero (ranging from −0.25 to 0.26). A negative genetic correlation (−0.38; SE = 0.144) existed between antibody response to O. ostertagi and CFS; the genetic correlations ranged from −0.11 to 0.15 between antibody response to O. ostertagi and the other fertility traits, albeit none were more than twice their SE. Antibody response to N. caninum was genetically correlated with CFS (0.56; SE = 0.175), PR42 (−0.73; SE = 0.182), and PRFS (−0.43; SE = 0.208); the genetic correlations with the other fertility traits were not different from zero (−0.48 to 0.43). The genetic correlations between F. hepatica-damaged liver and fertility are in Table 3 . The genetic correlations ranged from −0.41 (SE = 0.248) to 0.48 (SE = 0.217) between F. hepatica-damaged liver and the fertility traits.
DISCUSSION
The high animal-level prevalence of both F. hepatica (Sanchez-Vazquez and Lewis, 2013; Byrne et al., 2016; Twomey et al., 2016) and O. ostertagi (Agneessens et al., 2000; Murphy et al., 2006) in cattle is of concern globally. Although the previously reported prevalence for N. caninum in cattle is lower, prevalence ranges from 6 to 25% in dairy cows have been reported (Ould-Amrouche et al., 1999; Haddad et al., 2005) . Prevalence levels of parasites in the present study should not be considered reflective of the true prevalence as the data were strictly edited in an attempt to ensure exposure among the analyzed animals. Nonetheless, one possible option to minimize the risk of parasite infection in dairy and beef cattle is to incorporate phenotypes for resistance to parasite diseases into breeding programs. Despite this, to our knowledge, this is the first study to document the implications of genetic selection for resistance to individual parasites on other performance traits in cattle.
Genetic Parameters for Antibody Response to Parasites
Ample genetic variation for all parasite phenotypes in the present study exists to justify consideration for inclusion in breeding programs. The coefficient of genetic variation for the antibody response to parasites (0.05 to 0.21) was similar to that observed for the milk traits (0.04 to 0.09). In comparison to the coefficient of genetic variation for the interval fertility traits (ranged from 0.03 for calving interval to 0.01 for calving to first service interval), the coefficient of genetic variation for the antibody response to parasites was large. When treated as a binary trait, the additive genetic standard deviation of antibody response to the parasites studied (2 to 10% units) was similar to the binary fertility traits in the present study (1 to 5% units), as well as other disease traits reported elsewhere such as mastitis (1.2 to 7.0% units; Berry et al., 2011b) and bovine tuberculosis (3 to 5% units; Bermingham et al., 2009) . Therefore, based on the large coefficient of Table 5 . Genetic correlations (SE in parentheses) between antibody response to parasites, when treated as continuous traits, and fertility traits in the study herds genetic variation, the genetic progress that has been achieved for milk production and fertility in cattle could also, in theory at least, be achieved for antibody response to parasite traits, with sufficient data. The low to moderate heritability estimates for antibody response to parasites in the present study suggests that, in the absence of parentage information or information on correlated traits, only 40 to 50 progeny are required to achieve a breeding value accuracy of 0.70 for antibody response to parasites. Although fertility traits in breeding programs worldwide require even more progeny to achieve a similar accuracy (ca. 200 progeny), the current lack of routine data on individual animal antibody responses to parasites will hinder genetic progress in breeding programs. Heritability estimates from the present study nonetheless corroborate estimates from earlier studies for the number of O. ostertagi larvae per gram of feces in 1,420 Dutch dairy cows (0.06; Coppieters et al., 2009) and for the antibody response to N. caninum in 9,723 Canadian Holsteins (0.08; Pan et al., 2004) . Nevertheless, Morris et al. (2003) reported a higher heritability (0.20 to 0.39) for the antibody response to O. ostertagi for 370 Angus cattle in their first and second grazing seasons, albeit associated with large SE up to 0.16. A higher heritability may have been reported by Morris et al. (2003) because they only collected data from one herd, so all animals had a similar exposure.
Correlations Among Antibody Response to the Different Endo-Parasites
Results from the present study support the existence of an antagonistic relationship between the immune response to intracellular pathogens (e.g., bacteria, virus, protozoan parasites) and the immune response to extracellular pathogens (e.g., helminthic parasites), described in the Kaiko et al. (2008) review. Cattle infected or exposed to extracellular F. hepatica have a reduced likelihood of being positive to the tuberculin skin test, which is based on an intracellular immune response to M. tuberculosis (Flynn et al., 2007; Claridge et al., 2012) . This is because the immune response to F. hepatica suppresses the immune response to the tuberculin skin test.
Helper T cells in ruminants produce TH2-type cytokines in response to trematode (F. hepatica) and nematode (O. ostertagi) parasites, also referred to as an antibody mediated immune response (AMIR; McNeilly and Nisbet, 2014; McRae et al., 2015) . Alternatively, immune response to protozoan parasites (N. caninum) results in helper T cells producing TH1-type cytokines, also known as a cell mediated immune response (CMIR; Lunden et al., 1998; Arranz-Solís et al., 2016) . Therefore, animals that are infected with N. caninum (i.e., have a high antibody response to N. caninum) are likely to have a lower antibody response to both O. ostertagi and F. hepatica.
Previous studies documented genetic differences between cattle in their ability to mount an AMIR and a CMIR (Thompson-Crispi et al., 2012; Heriazon et al., 2013) . Thompson-Crispi et al. (2012) reported genetic correlations ranging from −0.45 to -0.13 (SE = 0.32 to 0.46) between AMIR and CMIR. Similarly, Heriazon et al. (2013) reported a negative correlation of -0.44 between estimated breeding values for a CMIR and an AMIR. The present study supports these studies in that cows genetically predisposed to a high antibody response to N. caninum (i.e., CMIR) were, on average, genetically predisposed to a lower antibody response to both O. ostertagi and F. hepatica (i.e., AMIR). As O. ostertagi and F. hepatica both cause an AMIR within the host, the positive genetic correlation observed between these two phenotypes in the present study was expected. This also corroborates a study on 370 Angus cattle (Morris et al., 2003) where strong positive genetic (ranging from 0.5 to 1.0) and phenotypic (ranging from 0.5 to 0.8) correlations were estimated among the antibody response to three different gastrointestinal nematodes, including O. ostertagi.
Genetic Correlations With Milk Production and Carcass Traits
Many studies have documented that antibody responses to F. hepatica (Charlier et al., 2007; Mezo et al., 2011) , O. ostertagi (Charlier et al., 2009b) , and N. caninum ), at the herd-level, are negatively associated with milk production in dairy cows. In contrast, phenotypic studies using animal-level data failed to detect any association between milk production traits and antibody response to either O. ostertagi (Sanchez et al., 2004; Charlier et al., 2010) or N. caninum (Hobson et al., 2002; Bartels et al., 2006) . However, in a study of 686 Spanish dairy cows , a reduction in milk yield (i.e., 2 kg/d in cows yielding on average 30 kg/d) was reported in cows with a very high antibody response to F. hepatica compared to cows with a negative antibody response to F. hepatica; nonetheless, Mezo et al.
(2011) failed to detect an association between antibody response and either milk fat or protein percentage. At cow level, antibody response to N. caninum has also been linked to compromised milk production (Thurmond and Hietala, 1997; Hernandez et al., 2001; Tiwari et al., 2007) but may be specifically associated with the abortions caused by N. caninum in cows (Hobson et al., 2002; Bartels et al., 2006) , in that cows that have had an abortion have, on average, reduced milk yield in the subsequent lactation (Gädicke et al., 2010; El-Tarabany, 2015) .
In a recent study of 1,166 dairy cows, May et al. (2017) reported that FEC for flukes (i.e., sum of F. hepatica, Paramphistomum spp., and Calicophoron spp.) had close to zero genetic correlations with test day milk yield, fat percentage, protein percentage as well as fat-to-protein ratio for the majority of the lactation. Although May et al. (2017) did not specifically measure a F. hepatica phenotype, the present study is in general agreement, in that genetic selection for F. hepatica traits are expected to have little or no impact on the genetic improvement of milk production traits other than through an impact on selection intensity. Yet, May et al. (2017) reported that FEC of gastrointestinal worms was negatively genetically correlated with fat percentage, protein percentage, and fat-toprotein ratio, but positively genetically correlated with both milk yield and somatic cell score, for the majority of the lactation. In other studies, close to zero genetic correlations have been documented between milk traits and FEC in goats (Morris et al., 1997 ; n = 4,738 records) and sheep (Afolayan et al., 2009 ; n = 944 records).
The lack of a genetic association between parasites and milk production was somewhat strengthened by the absence of genetic correlations between F. hepatica-damaged liver and carcass traits. Although a wide range of studies reported a statistically significant unfavorable association between liver damage caused by F. hepatica and carcass traits at the animal level (Brown and Lawrence, 2010; Sanchez-Vazquez and Lewis, 2013; Bellet et al., 2016) , the documented impact has been biologically small. For instance, SanchezVazquez and Lewis (2013) reported that animals with a F. hepatica-damaged liver had, on average, a 0.3% reduced carcass value compared to animals with no F. hepatica-damaged liver (n = 328,137; equivalent to £2.30 less per carcass for an average carcass value of £769). In contrast, a genetic study using FEC as the parasite phenotype documented a genetic correlation of 0.3 (SE = 0.15) with the live weight in 1,175 Australian beef heifers (Prayaga et al., 2009) . In direct contrast, however, Bisset et al. (1992) reported a negative genetic correlation (−0.48; SE = 0.21) in sheep between fecal egg count (FEC) and weight gain in 2,611 Romney ewe lambs. Also, FEC was reported to be negatively genetically correlated with both fat depth (−0.26; SE = 0·09) and eye-muscle depth (-0.18; SE = 0.09) in 127,723 Australian merino sheep (Pollott and Greeff, 2004) .
Genetic correlations with fertility traits
All parasite phenotypes in the present study had weak to moderate estimated genetic correlations with fertility traits. Although antibody response to both F. hepatica and O. ostertagi were favorably genetically correlated with fertility traits in the present study, some phenotypic studies on cows reported no association Howell et al., 2015) , while others reported an unfavorable association Charlier et al., 2007) . In a study of 1,105 dairy herds, Charlier et al. (2007) reported a negative phenotypic association, at the herd-level, between antibody response to F. hepatica and calving interval. The fact that antibody responses to both F. hepatica and O. ostertagi were favorably genetically correlated with fertility traits in the present study supports the view that animals inclined towards a TH2-type cytokine immune response have a tendency to maintain pregnancy (Oliveira et al., 2013; Zhang et al., 2015; Yang et al., 2016) .
Antibody responses to N. caninum had unfavorable genetic associations with fertility traits in the present study, which is similar to reported phenotypic associations (Hall et al., 2005; Canatan et al., 2014) . In a study of 486 Turkish dairy cows, Canatan et al. (2014) reported cows positive for the antibody response to N. caninum required almost twice the number of inseminations and had, on average, a 77 d longer calving to conception interval compared to cows negative for the antibody response to the N. caninum. The increased odds of an abortion in N. caninum infected animals was 3.5 (the median value from a review of 10 studies) in dairy cows (Reichel et al., 2013) . This could be caused by an antibody response to N. caninum differentiating into a TH1-type cytokine based immune response, which is associated with embryo loss (Innes, 2007) .
The unfavorable genetic association between F. hepatica-damaged liver and fertility traits in the present study was expected since the liver is an important organ for energy production (i.e., production of glucose; Aschenbach et al., 2010) and for preventing negative energy balance (NEB). Cows in NEB require the liver to control the levels of nonesterified fatty acids, thus reducing the consequences of NEB (Grummer, 2008) . Therefore, cows with a F. hepatica-damaged liver could be more prone to the consequences of NEB. It is clearly documented that cows in NEB have reduced fertility (Roche et al., 2009; Berry et al., 2016) . The observed favorable genetic association between antibody response to F. hepatica and the fertility traits in the present study suggests that cows with a high antibody response may be able to cope with F. hepatica infection and either reduce or prevent F. hepaticadamaged liver. This therefore implies that breeding for a higher antibody response to F. hepatica may be advantageous. Twomey et al. (2016) did, however, report a positive genetic correlation (0.37) between F. hepatica-damaged liver and positive antibody response to F. hepatica, although the corresponding SE was large (0.283), suggesting that current breeding goals for fertility traits could be indirectly selecting cows that are less likely to have a F. hepatica-damaged liver. Therefore, the introduction of F. hepatica-damaged liver phenotype in a national breeding goal, as Twomey et al (2016) suggested, could further benefit cow resistance to F. hepatica-damaged liver, as well as potentially increase genetic gain for fertility traits in cattle.
CONCLUSION
Overall, results from the present study support the view that genetic selection for the investigated endo-parasite phenotypes is possible and could be recommended in populations exposed to a high parasitic load. Current cattle breeding programs with high emphasis on fertility traits appear to be reducing liver damage caused by F. hepatica. Nevertheless, the introduction of F. hepaticadamaged liver phenotypes into national breeding programs could further reduce the prevalence of F. hepatica-damaged liver, with only the loss of selection intensity contributing to a reduction in the genetic gain in milk production and carcass traits. The genetic selection for antibody response to only one parasite would be unwise as the antibody response to N. caninum is negatively genetically correlated with the antibody response to both F. hepatica and O. ostertagi. Additionally, cows with a high antibody response to N. caninum are genetically prone to poorer reproductive performance; but conversely, cows with a high antibody response to both F. hepatica and O. ostertagi are genetically associated with better reproductive performance. Thus, the conflicting genetic impact of parasitism on fertility traits, as well as the lack of routine data, will hinder the introduction of antibody response to parasites into breeding programs.
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